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Abstract
Evaluating the degradation of permafrost is a major challenge in understanding global
warming and its impact on the cryosphere. The Global Cryosphere Watch is promot-
ing actions towards data quality and traceability, to achieve comparability of observa-
tions from different permafrost stations. In response to this, a transportable system
for on-site calibrations of permafrost temperature sensors was studied, developed
and tested in the field, within the project MeteoMet. The system, here described,
allows users to establish metrological traceability to permafrost temperature profiles,
by performing the calibration on-site, even in remote or high-elevation areas, in real-
istic conditions. A field campaign at 3,000 m elevation to test the system's perfor-
mance and practical use is also reported. Overall calibration uncertainty in the field
accounted for <0.05 C, with contribution from reference sensors within 2 mK over
the whole range; besides reducing uncertainties in each measuring point of a chain,
the procedure also allows users to establish comparability among all the sensors
within 0.03 C. The self-heating effect of each sensor was also evaluated as 0.007
C, and was thus considered a negligible component. The evolution of permafrost
thawing can be more robustly evaluated, through documented data traceability
together with improved comparability in space and time.
K E YWORD S
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1 | INTRODUCTION
Permafrost is a key component of the cryosphere, the portions of
Earth's surface where water is in solid form. It influences energy
exchanges, hydrological processes and water availability, natural
hazards, carbon dioxide and methane emissions, and global climate.1
Permafrost is largely controlled by ground surface temperature and
near-surface ground properties.2 Where permafrost is present, the
layer of ground that thaws seasonally, in which surface temperature
rises above 0 C, and refreezes during the cold season is known as
the “active layer.”3 The position of the lower boundary surface of
permafrost, known as the “permafrost base,” is determined by the
geothermal heat flux, subsurface properties, and the long-term sur-
face temperature.4 Understanding and evaluating the degradation
of permafrost is seen as a major challenge in the current discussion
on climate trend,5 as both an effect and a cause of global
warming.6–8
The World Meteorological Organization (WMO) program,
through the Global Cryosphere Watch (GCW), which supports all key
cryospheric in situ and remote sensing observations, has clearly
expressed interest in implementing a metrological approach for
cryosphere observations. Best practices are also requested to be
included as a chapter in the new WMO no. 8 “Guide to Instruments
and Methods of Observations.”9
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In response to these needs and recommendations, the European
Project MeteoMet10,11 included tasks and deliverables dealing with
data quality and measurement traceability of cryosphere observations.
The study encompassed many objectives: laboratory calibration pro-
cedures for temperature sensors and sensors chains; development of
a transportable system for on-site calibrations also in extreme envi-
ronments12,13 and particular conditions14–17; and study of best prac-
tices for calibration and measurements, proposal of standardized
methods for permafrost temperature measurements as well as con-
tributing to understanding and evaluating measurement uncertainty
components. These activities also included the study, development,
and field test of a transportable system for the on-site calibration of
thermometers used to monitor temperature profiles in permafrost
boreholes, which is the main subject of this paper. This objective has
been motivated by the needs and background provided by operators
in cryospheric measurements. For instance, the transport itself, from
remote and hard-to-reach areas to the laboratory and back again, can
cause mechanical shocks to the sensors, thus changing their response
curve; moreover, the overall effect of the quantities of influence can-
not be fully reproduced in laboratory during the calibration process.
Strong cold winds blowing on the datalogger, high radiation, low tem-
peratures for cables and auxiliary equipment, and rapid changes in
meteorological conditions are examples of factors not encountered in
the laboratory, where room conditions must be controlled and stable.
A calibration carried out under normal operating conditions for the
whole equipment allows the calibration curve to be more representa-
tive of the measuring process. Calibration uncertainty in this case
becomes the larger contribution to the overall measurement uncer-
tainty, reducing most of the other factors to negligible contributions.
2 | INSTRUMENTS AND SYSTEM
DESCRIPTION
2.1 | Measurement needs and adopted techniques
Monitoring of permafrost is normally performed by inserting ther-
mometer chains into boreholes drilled in the frozen soil. The depths of
such boreholes can range from a few meters to some hundred meters.
Inside the borehole, a chain of sensors is inserted at various depths
according to the specific characteristics of the active layer and perma-
frost base or to common procedures.18,19 The information retrieved
by the sensors is the temperature profile inside the borehole and its
evolution in time. Detecting the 0 C transition due to thawing of the
water in the frozen permafrost soil is of key importance, and under-
standing evolution of the active layer is a fundamental piece of infor-
mation to understand permafrost degradation. Accurate detection of
temperature around 0 C is thus required: when associated with an
increased number of sensors installed in the active layer, the lower
the temperature uncertainty, the better are the evaluation of active
layer depth and permafrost thermal profile.
The most commonly used sensors for permafrost temperature
measurements are thermistors. Their accuracy depends on the
material and process used to produce them, the calibration and associ-
ated coefficients used to convert measured resistance to temperature,
and the ageing and resulting drift of the sensor over time. In previous
studies, a “measurement accuracy from ±0.01 C to ±0.25 C with a
mean of ±0.08 C”20–23 (there the term “accuracy” is arguably used
instead of “uncertainty”) was reported. The drift rate among thermis-
tors from different manufacturers is reported to be <0.01 C per year
during a 2-year experiment at (0, 30, 60) C.23 Thermistor chains are
not frequently removed for verification (e.g., because of borehole
shearing), making drift and accuracy difficult to quantify. Conse-
quently, the on-site calibration of such sensors, aimed at reliable eval-
uation of overall uncertainty for temperature measurements of the
order of ~10−2 C, is the target of the present work.
The transportable calibration system for permafrost temperature
sensors has been designed to meet the target calibration uncertainty
when operating in the field, and in difficult conditions such as those
of high mountain sites or remote locations. The system must also be
able to perform calibrations of multiple sensors quickly, to keep the
procedure time at a minimum and to improve the comparability of the
thermometers within a single chain. Instruments and components
have therefore been selected and designed keeping such conditions in
mind, together with the need to achieve low calibration uncertainty.
Sensor calibration is performed in liquid as in normal accredited labo-
ratory procedures, by comparison to a set of reference sensors.
While devices under test (DUTs) are usually calibrated by putting
them in direct contact with the liquid medium (absolute ethanol)
inside the thermostatic bath, we found this method to be unsuitable
for our purposes. The large number of DUTs (25–30) put simulta-
neously into the bath introduces a series of large uncertainties:
• The resistive sensors heat themselves due to the electric current
used for their operation (self-heating). For a single sensor in a bath
this can usually be neglected due to the larger heat capacity of the
medium. Although this is a well-known effect, having several sen-
sors together in the thermostatic bath amplifies this uncertainty
and makes it much more difficult to evaluate.
• A large batch of sensors takes up a wide space inside the bath, to
the point that its thermal homogeneity may be worse than
expected, and the target uncertainty is more difficult to achieve.
• The stability of the bath may be insufficient, especially when
employed on-site using unstable electrical power.
For these reasons, a copper comparator block was realized (Figure 1)
to be placed inside the thermostat volume, enhancing thermal homo-
geneity and stability. The copper block was equipped with slots of dif-
ferent sizes in order to accommodate as many sensors as possible,
including reference thermometers. To ensure the circulation of the
ethanol medium all around it, and to avoid thermal gradients, the
block is suspended from the floor of the bath by means of polystyrene
feet. The ethanol surface was also kept separated from the environ-
ment by means of 20-mm Ø plastic spheres. A polystyrene lid is used
as cover, shaped to allow passage of the cables connected to the
reading units of both the DUTs and the reference sensors.
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The reference sensors used are platinum resistance thermometers
(PRTs, 100 Ω). An accurate test on different kinds of PRTs was made
to select the most appropriate model, in terms of dimensions,
response time, and robustness against mechanical shocks. Three
CalPower PRT100s were selected as traveling reference standard
(Figure 2), used in conjunction with a shock-resistant, datalogger-
equipped, high-accuracy resistance bridge (Fluke Super Thermometer
1594A). Tests were made by measuring reference resistances before
and after transport, which revealed negligible changes, within the
uncertainty of the instrument.
The three PRTs were calibrated at the Italian national Metrology
Institute (INRiM) laboratories by comparison against a standard plati-
num resistance thermometer (SPRT, 25 Ω HART 4053), in turn cali-
brated at the fixed points of water, mercury, gallium and indium
maintained at INRiM, according to the Institute's Calibration and
Measurement Capability (CMC). The SPRT expanded uncertainty was
evaluated at 0.7 mK. A cylindrical comparator block (Figure 3) was
constructed to accommodate the three PRT sensors (holes B) and the
SPRT (in A).
The SPRT was read by means of a precision thermometry bridge
(AΣΛ, model F18) connected to a Tinsley 100-Ω temperature-
controlled standard resistor. The temperature stability was within
±2 mK for the time required to record a sufficient number of readings
of the PRTs and the SPRT (~10 min) while the radial uniformity of the
comparison block was evaluated to be within 0.5 mK over the entire
calibration range. The PRTs are checked in the ice bath every
6 months, and before and after a field calibration, to check for possible
drifts, while the SPRT is calibrated at fixed points every year, showing
a drift of the order of a few tenths of a millikelvin. This equipment and
procedures allow calibration of the traveling PRT100 to the level of
0.01 C.
Lastly, the power generator was also identified according to par-
ticular characteristics: best power-to-weight compromise and good
performance. High elevation can cause carburettor malfunctioning
due to the low levels of oxygen in the atmosphere and can change the
fuel/air mix ratio. Power stability is also a fundamental aspect to be
taken into account to reduce electric noise in the overall measuring
system. A Honda model EU-30-is inverter power generator was so
used for this work.
2.2 | Laboratory system characterization
Before using the system on-site, the whole set of instruments was
tested in the laboratory by performing test calibration on sensors used
in permafrost boreholes. The aim was to evaluate the performance of
each component, the time required to make a sufficient number of
temperature points, the connections, and reading and recording capa-
bilities. Other operational tests and procedures were studied and opti-
mized, to better plan the on-site calibration and minimize potential
technical problems. For this test, a similar chain of thermometers, pro-
vided by the Piedmont Environmental Protection Agency (Agenzia
Regionale Protezione Ambiente – ARPA), to be installed at the moni-
toring station at Monte Moro pass, on the Italian–Swiss border, was
tested. The system featured 25 thermistor sensors, read using their
dedicated datalogger (Campbell CR1000), that were compared to trav-
eling reference PRT100s, previously calibrated at INRiM, read by
means of the high-accuracy portable resistance bridge already men-
tioned (Figure 4).
Two reference sensors (Ref1 and Ref3) were placed in the diago-
nally opposite external slots of the comparator block, to measure the
reference temperature value, the stability, and possible gradients
across the block. Tests at different temperatures (between −5 C and
20 C) were performed (two examples in Figures 5 and 6 at 0 and
20 C, respectively).
Temperatures measured by the two reference sensors ranged
within a few tenths of a millikelvin at 0 C and 2 mK at 20 C. Uncer-
tainty in homogeneity was evaluated to 0.08–0.7 mK at 0 C, using a
coverage factor k = 1 (k is a number by which a standard measure-
ment uncertainty is multiplied to obtain an expanded measurement
uncertainty), and for all the following uncertainties reported in this
section.
F IGURE 1 The copper comparator block realized to provide
thermal homogeneity and stabilization for the DUT and the reference
sensors [Colour figure can be viewed at wileyonlinelibrary.com]
F IGURE 2 The three CalPower PRT100s used as travelling
reference standards [Colour figure can be viewed at
wileyonlinelibrary.com]
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F IGURE 3 Copper comparison block for the
internal measurement traceability procedure. A
central hole was drilled to accommodate the
SPRT, and external holes B for the PRTs [Colour
figure can be viewed at wileyonlinelibrary.com]
F IGURE 4 Laboratory set-up
of the test procedure involving
the Monte Moro permafrost
sensors at INRiM [Colour figure
can be viewed at
wileyonlinelibrary.com]
F IGURE 5 Plot of stability and homogeneity
of the system as read by the three reference
sensors at 0 C during the time required for
recording calibration data; temperature is stable
within tenths of a millikelvin [Colour figure can
be viewed at wileyonlinelibrary.com]
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Temperature stability was evaluated on timescales of 15–20 min,
comparable to the time needed for the actual calibration, giving values
of 0.07–0.30 mK at 2 C. Oover longer timescales, up to 2 hr, the
system is capable of achieving 0.8 mK stability at 0 C, reaching up to
1 mK at 10 C.
These sensors were calibrated at INRiM laboratories in summer
2018, just before installation of the whole system at Monte Moro
pass. Calibration was been made at seven temperature points (−5, −2,
0, 2, 5, 10, 20) C: these points were chosen to be denser around 0 C
to reduce the uncertainties due to the interpolation fit in this range of
high interest for permafrost physics phenomena such as
freezing/thawing cycles. Hysteresis was also evaluated by performing
an additional measurement at 0 C, after completion of the whole
round of calibration points.
The temperature of the comparison medium was evaluated by
averaging the readings of the two reference sensors: their differences
were used to evaluate the temperature homogeneity of the thermo-
static bath plus comparator block system.
The calibration curves are second-degree polynomials with the
analytical form:
T = aT2r + bTr + c
where:
• Tr represents the temperature as read by the DUT;
• T is the temperature corrected by the calibration curve;
• a, b and c are calibration coefficients, calculated by interpolation of
the calibration points.
The total expanded uncertainty (k = 2) of the DUT calibration ranges
between 15 and 25 mK, largely due to the calibration uncertainties of
the reference sensors and that introduced by the data acquisition
system; uncertainties introduced by the transportable system
described here (stability and uniformity) account for <2% of the total
uncertainty.
2.3 | Evaluation of the self-heating effect on
permafrost temperature sensors
If several sensors are housed together in the thermostatic bath, the
heating effect of each one not only originates from its own sensitive
element, but also from the proximity of all the sensors. The specific
setting used during the on-site calibration campaign could additionally
contribute to the heating of temperature sensors. A test was then per-
formed to explore the relevance of self-heating on the same kind of
thermometers.
The self-heating effect was evaluated at three temperatures: (−7,
0 and 7) C. When the bath temperature, read by the two reference
thermometers, was found to be stable within ±0.02 C for a period of
1 hr, only the reference PRTs were turned on and the data recorded.
After about 30 min, the DUTs were also turned on and measurements
were recorded for about 30 min. The reference sensors were turned
off for another 30 min and finally the DUTs were turned off after
another 30 min. Bath homogeneity is included as a component of the
uncertainty budget.
These blocks of data were compared, and the average self-
heating contribution was found to be ~7 mK. The plots (Figures 7
for the point at −7 C only, as an example) show data recorded
when the DUTs were on; they did not show any particular trend
during that time interval. The self-heating contribution was a
negligible component, but evaluation is nevertheless strongly
recommended.
F IGURE 6 Plot of stability and homogeneity of the system with measurements taken at 20 C [Colour figure can be viewed at
wileyonlinelibrary.com]
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The procedure presented here allowed us to evaluate the self-
heating of this kind of DUT when recorded with the associated and
specific datalogger. The algorithm used by the datalogger, which inter-
rogates the connected resistance thermometers, can vary significantly
among different manufacturers that adopt different solutions. One
possibility is that the datalogger feeds current to all the connected
thermometers to allow quick reading when switching between the dif-
ferent channels, with the disadvantage of continuously heating each
thermometer and an increased power request by the datalogger itself.
Another solution is to send the current to each sensor only when the
respective channel is read. This solution is usually preferred when
operating dataloggers with solar panels and has the advantage of
minimizing self-heating. The test performed here was made with a
specific datalogger and thermistors, so cannot be generalized: values
can change significantly with other solutions. This procedure allows
us to understand how to make such test in a reasonable time during
on-site calibration and how to include it in the DUT calibration uncer-
tainty budget.
The procedure was also tested outside at the INRiM campus, in
order to refine the operations and test the instrument's use and
possible noise when powered by a four-stroke electric generator. A
campaign was then organized to test the whole equipment under
operational conditions, refining the procedures and making a
complete calibration of permafrost temperature sensors on-site.
3 | ON-SITE CALIBRATION ACTIVITY
An on-site calibration campaign was planned in cooperation between
INRiM and ARPA, for the permafrost temperature sensors hosted at
the Sommeiller Pass station, located at ~3,000 m of elevation in the
Susa Valley (NW Italy).
The Sommeiller monitoring station consists of three boreholes of
respectively 5, 10 and 100 m depth, vertically drilled in the bedrock,
and equipped with thermometric chains consisting of two, 12 and
22 sensors respectively (Model 107, Campbell Scientific). The perma-
frost temperature sensor consists of a thermistor encapsulated in
epoxy-filled aluminum with a resistance of 100 kΩ at 25 C and a
highly reproducible response curve. Data are collected by a datalogger
(Model CR1000, Campbell Scientific) and manually downloaded once
a year.
Given the history of the monitoring station24 and the collected
data, the permafrost temperature curves show a degradation of the
permafrost base at ~60 m depth since 2014, with a temperature
variation of ~0.25 C from 2012 to 2016.25 Nevertheless, it is not
uncommon for permafrost chains to show thermal trends that are
comparable in amplitude to sensor drift. For this reason, calibration
of instruments and sensors, accurate measurements of the perma-
frost properties, and improved data quality in the evaluation of
permafrost temperature profiles become fundamental aspects for
achieving full traceability of the measurements and for providing
more reliable knowledge of the evolution of this component of the
cryosphere.
The on-site campaign was carried in August 2018 and lasted
3 days. The thermostatic bath, the high-accuracy readout bridge used
for characterization of the laboratory system, a power generator, and
a light shelter were brought to the site on a truck (Figures 8a–c). The
three reference temperature sensors (Refs), which were calibrated at
INRiM immediately before the campaign, were also brought to
the site.
F IGURE 7 Evaluation of a possible self-heating effect. Data recorded when the DUTs were on were compared with those recorded when the
DUTs were off at −7 C, with respect to reference sensor Ref1. Similar results were obtained at 0 and 7 C [Colour figure can be viewed at
wileyonlinelibrary.com]
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Thirty-two permafrost temperature sensors (hereafter coded PS)
were extracted from the 10- and 100-m boreholes and inserted in the
dedicated copper comparator block as described above, along with
the three reference sensors (Figure 8d). Five temperature points cen-
tered at the freezing point of water were selected: (−5, −3, 0, 3 and 5)
C. The 0 C point was repeated to check for hysteresis as normally
done in calibration procedures.
Because this a dedicated and experimental procedure, in an
unusual environment, under very different settings from normal labo-
ratory calibration, some specific conditions were adopted, as a best
compromise in terms of practical feasibility and results. To reduce the
time required for the procedure, and consequently the fuel needed to
power up the whole system, as many calibration points in a day as
F IGURE 8 The mobile calibration facility at
Sommeiller pass during the 2018 campaign.
(a) Outside the shelter: 100-m permafrost
borehole, datalogger and power generators;
(b) inside the shelter: high-accuracy readout
bridge and thermostatic bath with the grouped
sensors; (c) inside the shelter: opened
thermostatic bath and permafrost sensors with
reference sensors inserted in the cupper
comparing block; (d) two of the reference
sensors are visible opposite the block, one close
to the operator's hand. The copper block is
separated from the thermostat “floor” by means
of two small pieces of insulating material to also
allow circulation of liquid under the block itself
[Colour figure can be viewed at
wileyonlinelibrary.com]
TABLE 1 Reference temperatures of the three reference sensors,
the corresponding PS3 values (as an example) and respective standard












−5 −5.044 0.0006 −5.037
−3 −3.060 0.0017 −3.047
0 −0.073 0.0008 −0.031
3 2.914 0.0005 2.967
5 4.919 0.0011 4.983
0 −0.063 0.0007 −0.024
F IGURE 9 Calibration curve for sensor PS3
obtained through a polynomial fit of the
temperature differences between the readings
of the sensors in calibration and the reference
sensors [Colour figure can be viewed at
wileyonlinelibrary.com]
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possible were concluded, and also by alternating the staff operating at
the site during daylight hours (6 a.m. to 10 p.m. during summer days).
The whole procedure required 3 days including measurements,
transport, instrumentation set-up, dismantling, and extraction and re-
insertion of the PS chains into the boreholes.
4 | RESULTS AND DISCUSSION
The calibration was made by comparing the readings of each PS,
recorded by the datalogger used at the monitoring stations, with the
mean of the three reference sensor readings, recorded using the
Fluke 1594A. Data recording began when the temperature as
recorded by at least one reference was found to be stable within
0.02 C over 1 hr, and considered valid for inclusion in the statistical
analysis associated with each calibration point, then recorded for
30 min. A subrange of 12 min with better stability was selected and
used to compare the readings of each PS to the average reference
temperature given by the reference sensors. The reference sensor
acquisition rate was set at 18 s, while PS acquired data every minute:
this corresponds to ~40 and 12 records, respectively, in the specified
time frame.
This procedure was repeated at each point (nominal value).








TABLE 2 Polynomial fit coefficients for each PS (a, b and c) and the coefficient of determination (R2)
Sensor Borehole (m) a b c R2
PS3 10 0.000163 0.994106 −0.038011 0.9797
PS4 10 0.000334 0.996088 0.023683 0.9681
PS5 10 0.000027 0.994153 0.063117 0.9822
PS6 10 0.000333 0.994071 −0.002413 0.9568
PS7 10 0.000339 0.996833 0.023854 0.9145
PS8 10 0.000000 0.993777 −0.052593 0.9755
PS9 10 0.000040 0.994108 −0.021713 0.9776
PS10 10 −0.000387 0.999077 0.037278 0.8901
PS11 10 0.000062 0.993435 −0.010351 0.9676
PS12 10 0.000292 0.995647 0.041822 0.9196
PS13 10 0.000012 0.993323 −0.010164 0.9869
PS14 100 0.000135 0.994244 −0.028619 0.9823
PS15 100 0.000168 0.994167 −0.033097 0.9942
PS16 100 0.000260 0.997679 0.101364 0.9643
PS17 100 0.000162 0.998598 0.066728 0.9733
PS18 100 0.000153 0.997973 0.065647 0.9698
PS19 100 0.000191 0.993088 0.048681 0.9995
PS20 100 0.000161 0.998421 0.002797 0.8930
PS21 100 0.000092 0.997433 0.084196 0.9491
PS22 100 0.000183 0.993029 −0.050727 0.9929
PS23 100 0.000371 0.994189 0.012537 0.9786
PS24 100 0.000311 0.994293 0.071722 0.9809
PS25 100 0.000069 0.993149 −0.030016 0.9932
PS26 100 0.000625 0.995366 −0.045245 0.9845
PS27 100 −0.000175 0.993154 0.032105 0.9741
PS28 100 0.000356 0.998424 0.090356 0.9240
PS29 100 0.000766 0.993337 −0.082974 0.9749
PS30 100 0.000549 0.995074 0.154088 0.9758
PS31 100 0.001015 0.993419 −0.023702 0.9873
PS32 100 0.001501 0.995616 0.061823 0.9330
PS33 100 0.001629 0.989536 0.027490 0.9763
PS34 100 0.001550 0.995586 0.124507 0.9257
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where StXS is the stability recorded by one of the reference or PS
sensors; and XSy,j is the temperature of the reference or PS sensor,
with y = 01 to 03 for the reference and from 03 to 34 for PS, at the
given j temperature point.
Data were considered valid for the analysis when temperature
stabilities were measured as 2–5 mK by the reference sensors and
maximum 14 mK by PS.
The associated uncertainty in the reference temperature was
obtained by combining the calibration uncertainty of the three refer-
ence sensors and the standard deviation of the readings. The latter
gave an overall indication of the temperature stability and uniformity
of the system over the selected time interval. Table 1 lists the refer-
ence temperatures obtained by averaging the 40 values recorded by
the three reference sensors and the corresponding 12 PS number
3 values (used here as an example), for each calibration point. The
standard deviation of the values recorded during the interval consid-
ered is also included.
As an example, in Figure 9 the calculated calibration curve (tcalc)
for the PS3 permafrost sensor is shown, obtained through a polyno-
mial fit for the differences between the readings of the sensor in cali-
bration (tPSx) and the reference sensor (tc).
The polynomial fit coefficients (a, b and c) for each PS are listed in
Table 2, including the coefficient of determination (R2) for both 10-
and 100-m-deep boreholes.
Differences between the PS values and the averaged reference
sensor values, as well as the residuals at each calibration temperature
point, and calibration curves, were calculated for all the 32 PS. The
calibration uncertainty budget, both statistical and instrumental (con-
sidering the associated probability distribution) includes: the reference
sensor calibration uncertainty and repeatability; the reference stan-
dard self-heating; the thermometry bridge resolution; and the copper
comparison block homogeneity, the temperature stability, the resolu-
tion, the residuals and interpolation of sensors in calibration (Table 3).
The interpolation uncertainty component (Uint) was obtained by
calculating the square root of the quadratic sum of the residuals,
that is the differences between the measured values and those
calculated with the interpolating polynomial, divided by the degrees
of freedom.
The extended uncertainty (Ut), different for each sensor, is given
by:






where:(tcalc − tc): residuals,
d: degrees of freedom.
Ut is expressed as the standard uncertainty multiplied by the cov-
erage factor k = 2, to achieve a level of confidence of 95%, assuming
the results are normally distributed.
The total calibration uncertainty in the field accounted for <0.05
C for all PSs. Performing simultaneous calibration of all the sensors
offers a further advantage. Besides understanding the accuracy of
each sensor and, in the case of repeated calibration, evaluating the
drift in time of the sensors, simultaneous calibration provides a direct
comparison of the sensors at reduced uncertainty. Thanks to the uni-
formity of the copper block system, and to the limited thermal noise
(high temperature stability of the block and bath) even in the pres-
ence of large numbers of PSs, the uncertainty in the comparison
between them is reduced to 0.03 C. This reduces the uncertainty in
the evaluation of the temperature gradient along the borehole. This
is obtained by eliminating from the budget of each thermometer the
uncertainty components due to the traceability (calibration) of the
reference sensors and the components of the fitting curve for each
of the PSs. Because the profile evaluation is a relative process, com-
paring all thermometers at the same time under the same conditions
within the uniformity uncertainty will reduce the uncertainty in the
relative values. Together with the traceability obtained using
calibrated reference sensors and by calibrating each PS, this process
allows very accurate measurements of temperature values and
profiles.
TABLE 3 Evaluated components of the calibration uncertainty budget for all the PSs, with specification for PS3
Source Value (C) Divisor Probability distribution Contribution to uncertainty (C) (k = 1)
Reference sensor calibration 0.022 2a Normal 0.011
Reference sensor repeatability 0.0006 1 Normal 0.0006
Reference standard self-heating 0.007 √3 Rectangular 0.004
Thermometry bridge resolution 1.5E-05 √3 Rectangular 8.66E-06
Comparison block homogeneity 0.001 √3 Rectangular 0.001
Thermostat bath stability 0.003 √3 Rectangular 0.002
PS resolution 0.01 √3 Rectangular 0.006
PS repeatabilityb 0.007 1 Normal 0.007
Interpolation uncertainty Uint
b 0.004 1 Normal 0.004
Standard uncertainty Ut
b — 0.015
Expanded uncertainty Ut (k = 2)
b — — 0.030
aCalibration certificate at k = 2.
bThe repeatability of PSs, Uint and Ut are specific for each sensor and are here reported for PS3 as an example.
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In this paper, a transportable system for on-site calibration of
permafrost temperature sensors is described. This involved installing
a metrology laboratory, and bringing specific equipment to a site at
3,000 m elevation in the Italian Alps, close to a cryosphere station
that includes three boreholes hosting thermometers to measure per-
mafrost temperature profiles. The plan of action was discussed
among metrologists and staff managing the permafrost station, in
order to agree on expected outcome with respect to practical condi-
tions, and the calibration procedure adopted here took a realistic
compromise between these needs. Thermometers were extracted
from the boreholes and calibrated by comparison against three trav-
eling standards, using as a stabilized thermal system a characterized
liquid bath. Calibration uncertainty in the field accounted for <0.05
C for any of the calibrated sensors, which corresponds to the instru-
ment uncertainty for each measuring point. At the same time, the
relative uncertainty among all sensors was even lower, within 0.03
C, corresponding to the overall uncertainty in evaluating differences
among the measuring points within a chain (vertical profile) or among
the chains. A calibration curve was then evaluated for each sensor
with complete uncertainty budget and this is now used as a post-
processing algorithm, while “raw” uncalibrated data are still being
recorded for continuity by the datalogger. Evolution of the perma-
frost thawing and active layer is now being robustly evaluated in
terms of comparability among the measuring points. Accuracy and
data quality are key aspects for comparability of observations from
different stations making up networks and among different
networks.
The system can be adapted to almost any kind of thermome-
ters used to measure temperature in liquid and solid matrixes (ice,
soil, permafrost, seawater). Other kinds of thermometers, thermo-
couples, temperature loggers and probes can therefore be cali-
brated against traceable standards and their calibration uncertainty
evaluated, using the same procedure and technique described here.
The procedure can be easily implemented for other locations,
including permafrost monitoring stations in the Arctic. In line with the
initiatives to create a metrological infrastructure in the Arctic12 to
improve data comparability for the numerous observation stations
and network, the work and system presented here can be adapted for
transport in polar environments, to directly provide on-site calibration,
without the need to dismantle and transport the instruments to cali-
bration laboratories. This initiative can be expanded to further agreed
processes for the evaluation of calibration and uncertainty to aid data
quality achievable by the Cryonet stations network supervised by the
GCW of the WMO.
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